ABSTRACT Overwintering pupae obtained from early and late emerging blueberry maggot populations were kept at similar temperatures to determine if phenological differences are caused by initial exposure to different temperature conditions in the soil after pupation. The effect of temperature and duration of exposure on time to emergence was determined by dividing pupae of each population into two cohorts placed at 20 or 25ЊC. Subsequently, at periodic intervals, samples were Þrst transferred to 5ЊC for 6 mo to ensure diapause completion, and later kept at 20ЊC to measure time to emergence. In addition, we studied postdiapause pupal temperature-dependent development of the late population under laboratory and Þeld conditions, and compared rates of development at constant temperatures and outdoors using degree-day emergence models. Longer exposure of pupae to similar temperature conditions did not decrease differences in time to emergence between populations. In the early population, there were no differences in postdiapause development with relation to temperature exposure, but in the late population, pupae exposed to 25ЊC emerged slower than pupae exposed to 20ЊC. In both populations, longer exposures to high temperature after pupation resulted in slower postdiapause development. Also in the late population, 52% of individuals emerged after 60 d exposure to 25ЊC, without going through diapause. Field pupal development of the late population was characterized by longer postdiapause than the early population. The presence of a transient change in the temperature-development rate relationship, observed during outdoor postdiapause development in July, was also apparent from degree-day model predictions. This developmental slowdown had not previously been observed in any Rhagoletis species.
DIAPAUSE IS AN ALTERNATIVE developmental pathway occurring in many insect life cycles, generally characterized by a neurohormonally mediated dynamic state of low metabolic activity (Denlinger 2001 , Tauber et al. 1986 ). Several phases may be distinguished during the full course of diapause: prediapause, characterized by the accumulation of reserves, and sensitivity to diapause inducing stimuli, diapause, the period when development is suppressed even if favorable conditions prevail, and postdiapause, when the developmental inhibition has been removed, and insects are ready again to resume their development (Tauber et al. 1986 ). For clarity, we use diapause to designate strictly the period when insects will not develop even if exposed to favorable temperature conditions. Among Rhagoletis fruit ßies, the diapause of the apple maggot R. pomonella (Walsh) is the most extensively studied (Neilson 1962 , Prokopy 1968 , Feder et al. 1997 , Filchak et al. 2001 . In this species, third instar larvae leave the fruit in which they have fed and rapidly form a puparium. Within this puparium, larvae molt to the fourth instar, and again to reach the pupal stage. The overwintering pupal stage is reached after 3 to 5 d. If diapause intervenes, development of the overwintering pupa to the adult stage will only resume after diapause is completed, and temperature conditions are favorable (Snodgrass 1924) . During the larval stage, short photoperiod and low temperature induce diapause and increase its duration (Filchak et al. 2001 ). In the pupal stage, temperature modulates and may even reverse the effect of previous diapause inducing stimuli. Low temperature induces and intensiÞes diapause, while high temperature promotes adult emergence (Prokopy 1968 , Feder et al. 1997 .
The blueberry maggot Rhagoletis mendax Curran is a parasite of the fruit of several species of the genera Vaccinium L., Gaylussacia Humboldt, Bompland, Kunth, and Gaultheria L., in the family Ericaceae, in the eastern and midwestern United States, and eastern provinces of Canada (Bush 1966 , Payne and Berlocher 1995 , Smith et al. 2001 . The blueberry maggot is univoltine; adults emerge in June through July from overwintering pupae buried in the ground, coinciding with the availability of ripe or ripening fruit. Females lay eggs in the fruit and larvae develop inside until they exit, drop or crawl to the ground, burrow in the soil, pupate, and enter diapause (Lathrop and Nickels 1932, Bö ller and Prokopy 1976) . Populations of the blueberry maggot with a late ßight period in AugustÐ September, and occurring in close geographic proximity to populations with an early ßight period have been characterized in some commercial highbush blueberry Þelds in New Jersey (Teixeira and Polavarapu 2001a) . The early and late populations are exposed to different soil temperature conditions during diapause. Pupae of the early population go through most of the summer buried just under the soil surface, exposed to high temperatures, whereas pupae of the late population are only exposed to the mild temperatures of early autumn. At this time, we lack information on the factors that regulate the emergence schedules of early and late populations of the blueberry maggot, especially the role of different soil temperatures after pupation.
The different soil temperature conditions early and late populations are exposed to after pupation may not entirely account for phenological differences. Populations may terminate diapause at different times through the winter, and yet may have similar emergence schedules. In species that terminate diapause in mid-winter and enter a thermally controlled quiescence, differences in diapause termination will not inßuence the timing of emergence, because postdiapause development can only begin when temperatures exceed the morphogenetic threshold (Tauber et al. 1986 ). In this case, differences in postdiapause development rate may be the most important cause of phenological differences. The different emergence schedules of the host races of the apple maggot are caused by genetically based differences in postdiapause development rates (Smith 1988) . Currently, Þeld data are lacking on postdiapause development of the late population.
The study of the phenological diversity of the blueberry maggot is signiÞcant for pest management and evolutionary biology. The blueberry maggot is the most important pest of commercially grown low and highbush blueberries, V. angustifolium Aiton and V. corymbosum L., respectively (Prokopy and Coli 1978, Teixeira and Polavarapu 2001c) . Strict quarantine measures are in place to prevent spread of R. mendax to noninfested areas (Canadian Food Inspection Agency 1999) . Improved understanding of blueberry maggot phenology is important to accurately predict the timing of development and reproduction under different environmental conditions. With respect to evolutionary biology, R. mendax is part of the pomonella complex of sibling species (Bush 1966) , which has been extensively studied as a model for sympatric speciation through host race formation (Via 2001, Berlocher and Feder 2002) . The isolation of genetically distinct host races in the apple maggot is possible because of Þtness trade-offs originating from individual differences in the tendency to enter diapause and postdiapause development rates (Feder et al. 1997 , Filchak et al. 2000 . Data on phenology are necessary to determine if conditions supporting the evolution of host races are also present in the blueberry maggot, especially because R. mendax may have evolved through allochronic speciation, as suggested by its early ßight period, distinct from its closer sister taxa (Feder et al. 1998 , Berlocher 2000 .
In an overall effort to understand the underlying causes of the phenological differences between populations of the blueberry maggot, here we sought to determine if the exposure to similar temperature conditions during pupal diapause decreased differences in time to emergence between early and late populations of the blueberry maggot. Also, we characterized the postdiapause development of the late population, both at constant temperatures and outdoors, enabling comparisons with the early population.
Materials and Methods
Collection and Handling of Pupae. Pupae of the early population were obtained from infested blueberries collected at Whitesbog, Burlington County, NJ, during the wk of 31 July to 7 August 1998. Pupae of the late population were obtained from Hammonton, Atlantic County, NJ, during the week of 18 to 25 September 1998. Berries were brought to an open barn at the Rutgers University Blueberry and Cranberry Research Center in Chatsworth, Burlington County, and placed over moist vermiculite into which larvae could drop and pupate. Three to 4 weeks after blueberry collection, pupae were sifted from the vermiculite, and placed in PVC cylinders (15 cm height ϫ 15 cm diameter), buried in sand at 2.5 cm depth. At this time, the majority of pupae are expected to have reached the overwintering stage, and be sensitive to temperature with respect to diapause induction. Throughout all experiments, sand was kept moist by periodic addition of distilled water.
Effect of Temperature and Duration of Exposure during Diapause on Postdiapause Development of Early and Late Populations. The objective of this experiment was to determine if different soil temperature conditions after pupation contribute to differences in emergence period between populations. Cohorts of pupae of the early and late populations buried in sand were placed at 20 and 25ЊC (16:8 L:D) on 4 September and 15 October 1998, respectively. A subset of Ϸ200 pupae of the early population were taken after 41, 75, and 101 d of exposure, and Ϸ400 pupae of the late population after 34, 60, and 88 d, and placed in an incubator at 5ЊC (12:12 L:D) for 6 mo to ensure diapause completion (Fig. 1) . After 6 mo exposure to 5ЊC, samples were transferred to 20ЊC (16:8 L:D) until emergence. Adults were counted daily, and mean time to emergence was calculated from the date pupae were moved from 5 to 20ЊC. Because some adults of the late population had emerged during the initial exposure to 25ЊC, samples of 30 pupae of early and late population were kept for an additional 59 and 30 d, respectively, at both 20 and 25ЊC. Because no additional emergence was recorded during this pe-riod, pupae were judged dead and discarded. Within each population and temperature, differences in time to emergence were analyzed by one-way analysis of variance (ANOVA) using PROC GLM to determine the effect of duration of exposure (SAS Institute 1989) . Within each population and length of exposure, differences in time to emergence were analyzed by one-way ANOVA to determine the effect of temperature.
Postdiapause Development and Emergence of the Late Population. Pupae from the late population were sifted from the vermiculite on 15 October 1998, transferred to a plastic container, buried in sand at 2.5 cm depth, and kept in a screenhouse at the Rutgers University Blueberry and Cranberry Research Center. Hourly temperatures, based on the average of measurements by the minute, were recorded in the plastic container by placing a copper-constantin thermocouple at 2.5 cm depth, connected to a Campbell ScientiÞc 21 ϫ datalogger (Campbell, Logan, UT) . Degree-day (DD) accumulation was calculated by summing temperatures above 0ЊC. At approximately monthly intervals, from 15 December 1998 through 1 August 1999, samples of Ϸ500 pupae were transferred from the cohort kept in the screenhouse to an incubator at constant 20ЊC (16:8 L:D), to measure time to emergence. Mean time to emergence of each sample was calculated from the day pupae were placed at 20ЊC. Approximately 2000 pupae were remaining in the screenhouse after the last sample was transferred in August 1999. The progression of postdiapause development of the early population has been reported previously (Teixeira and Polavarapu 2001b) . For comparison, we present data here on the progression of postdiapause development and emergence of the early population obtained in 1998 at the same location.
Development Rates of the Late Population. Pupae of the late population were collected from infested berries, buried in sand as described previously, placed in a screenhouse in October 1998, and left in the screenhouse until the end of May 1999. On 1 June 1999, samples of 500 pupae of the late population were removed from the cohort kept in the screenhouse to incubators at constant temperature of 11, 15, 20, 25, 30, and 35ЊC (16:8 L:D) until emergence. Pupae may have already initiated postdiapause development by this date, but were not transferred to constant temperature earlier mainly to minimize mortality as a result of constant exposure to 25, 30, and 35ЊC. Development rates were calculated as 1/median time to emergence, because the median is considered more robust in describing skewed emergence curves. Linear and polynomial rate summation models were Þtted to the development rates. The linear model was Þtted assuming a linear relationship between the rate of development, r(T) and temperature T. The model is r͑T͒ ϭ a ϩ bT where a and b are model parameters, the developmental zero is -a/b and the degree-day requirements for development are 1/b (Campbell et al. 1974) . A nonlinear, empirical polynomial model was also Þtted to the development rates. The model is r͑T͒ ϭ a ϩ bT ϩ cT 2 where a, b, and c are model parameters. The linear model was chosen because it was used previously with the early population (Teixeira and Polavarapu 2001b) , and the polynomial model because it provided a good Þt to development rates. The linear model was Þtted using PROC REG, and the nonlinear model by iterative nonlinear regression using the Marquardt algorithm of PROC NLIN (SAS Institute 1989). Both models were run with temperature measurements taken in the container where the cohort of the late population was kept, starting on 1 June. Model predictions, incorporating data on pupal development at several constant temperatures, were compared with observed emergence of the late population kept continuously under screenhouse conditions.
Results

Effect of Temperature and Duration of Exposure during Diapause on Postdiapause Development of
Early and Late Populations. Differences in time to emergence between early and late populations remained even after prolonged exposure to 20 or 25ЊC after pupation (Fig. 2) . The average difference in mean time to emergence between early and late populations was 42.5 d for pupae exposed to 20ЊC, and 48.2 d for pupae exposed to 25ЊC.
Within each population, with respect to the effect of exposure to 20 or 25ЊC for different periods of time (Table 1, Experimental design used to study the effect of exposure to 20 or 25ЊC after pupation on postdiapause time to emergence in early and late blueberry maggot populations. Naturally infested fruit were left outdoors for larvae to exit and pupate. Pupae thus obtained were exposed for three periods of time to either 20 or 25ЊC, after which pupae were kept for 6 mo at 5ЊC for diapause completion, and then transferred to 20ЊC for adult emergence.
were signiÞcant differences in time to emergence between the samples taken after 75 and 101 d of exposure (20ЊC: F ϭ 47.37, df ϭ 2,640, P Ͻ 0.0001; 25ЊC: F ϭ 98.37, df ϭ 2,508, P Ͻ 0.0001) (Table 1, rows). The time to emergence increased by Ϸ5 d between these samples, at both temperatures.
In the late population, the time to emergence was signiÞcantly longer for pupae exposed to 25ЊC than for those exposed to 20ЊC for any period of time (34 d: F ϭ 8.50, df ϭ 1,483, P ϭ 0.004; 60 d: F ϭ 25.16, df ϭ 1,392, P Ͻ 0.0001; 88 d: F ϭ 46.04, df ϭ 1,273, P Ͻ 0.0001) (Table 1, columns). Differences in time to emergence increased with the length of exposure to 20 and 25ЊC, ranging from 3 d after 34 d, to 10 d after 88 d. In the late population also, the duration of exposure to 20 or 25ЊC had a signiÞcant effect on the time to emergence (20ЊC: F ϭ 19.37, df ϭ 2,207, P Ͻ 0.0001; 25ЊC: F ϭ 17.69, df ϭ 2,191, P Ͻ 0.0001) (Table 1, rows). Longer periods of exposure caused the time to emergence to increase 7 and 9 d between the samples taken after 34 and 60 d exposure to 20ЊC or 25ЊC, respectively. The time to emergence increased further by 7 d for the samples of the cohort exposed to 25ЊC removed after 60 and 88 d, but not to for the samples of the cohort exposed to 20ЊC.
The number of adults in the early population that emerged after 41, 75, and 101 d exposure was 62, 86, and 62, respectively, from pupae exposed to 20ЊC and 6 mo at 5ЊC; and 91, 53, and 50 from pupae exposed to 25ЊC for 41, 75, and 101 d, respectively. Similarly, in the late population, the number of adults that emerged after 34, 60, and 88 d exposure was 250, 238, and 155 from pupae exposed to 20ЊC; and 235, 156, and 120 from pupae exposed to 25ЊC.
During the initial period of exposure to 20 and 25ЊC after pupation, adult emergence occurred before cold exposure only in the cohort of pupae of the late population kept at 25ЊC. The mean time to emergence without cold exposure was 74.1 d. Adults of the late population emerged over a 25 d period, beginning at 60 d after placement at 25ЊC, between the date of transfer of the second and third samples. A total of 131 and 120 adults emerged before and after cold exposure, respectively, indicating that Ϸ52% of adults emerged without going through diapause.
Postdiapause Development and Emergence of the Late Population. Early and late populations show marked differences in time to emergence (Fig. 3) . The average time to emergence of pupae of the late population taken from outdoors to constant 20ЊC decreased from December to August. A steep decrease in mean time to emergence, together with a decrease in standard deviation, marked the development of Time to emergence at 20ЊC of R. mendax pupae of early (diamonds) and late (squares) populations exposed to either 20 or 25ЊC for three periods of time after pupation, followed by 6 mo at 5ЊC before emergence at 20ЊC. 36, 103, 420, 197, 289, 246, 164, and 994 , in temporal order. For comparison, we included results from a similar study of the early population conducted in 1998 (diamonds). Degreeday accumulation above 0ЊC was measured between sampling dates starting 15 December (triangles). Average dates of adult emergence of pupae left continuously in the screenhouse are illustrated using the x-axis. Average emergence of the early population occurred on 14 June, and of the late population on 12 September (circles).
pupae from December to January. From January to July, the decrease in time to emergence occurred in a manner directly dependent on degree-day accumulation, and consistent with that of the early population from March to June. The difference in average time to emergence of samples taken on 1 July and 1 August was only 7 d, which is much smaller than the difference in time to emergence between previous samples. At the same time, the degree-day accumulation during this period was the highest (810 DD). The time to emergence decreased again from August to September at a rate similar to that recorded from January to June. The slowdown in development of pupae in July delayed the average date of adult emergence in the late population to 12 September (Fig. 3) . Only 10 adult ßies emerged in the screenhouse before removing the last sample on 1 August. These ßies were counted with the rest of the ßies emerging in the screenhouse from August to October.
Development Rates of the Late Population. As with the early population, no adult of the late population emerged from pupae kept at constant 35ЊC, indicating an upper lethal threshold for pupae kept above 30ЊC (Teixeira and Polavarapu 2001b) . No ßies emerged at 11ЊC, even when this sample was moved to 20ЊC after Þve mo exposure to 11ЊC, indicating there was a low temperature lethal threshold below 15ЊC. The development rate at 30ЊC was lower than at 20 and 25ЊC, indicating a short interval of linearity in the relationship between development rate and temperature. Thus, the linear model was Þtted only to the development rates obtained at constant 15, 20, and 25ЊC. The polynomial model was Þtted to the development rates obtained at all temperatures (Fig. 4) . The Þt of both these models to development rates was good (Linear: R 2 ϭ 0.96, a ϭ 0.002477, b ϭ 0.000458; Polynomial: R 2 ϭ 0.99, a ϭ Ϫ0.0201, b ϭ 0.00275, c ϭ Ϫ0.00006). The time to emergence of pupae kept continuously in the screenhouse was 34 and 21 d longer than forecasted by the linear and polynomial models, respectively, using the temperature measurements taken close to the pupae in the screenhouse.
Discussion
Major differences in the emergence schedule of populations of R. mendax with distinct phenology seem to result from differences in postdiapause development. Previously, we had determined a 3 mo difference in median time to emergence between early and late populations, kept under similar environmental conditions (Teixeira and Polavarapu 2001b) . Here, after forcing diapause completion in all samples with a 6 mo exposure to 5ЊC, the average time to emergence at 20ЊC of the late population was still Ϸ45 d longer than the early population. We also recorded a slowdown in the Þeld postdiapause development of the late population in July, further contributing to delayed emergence of this population. To a lesser degree, temperature conditions after pupation and the duration of exposure also were found to inßuence postdiapause development, especially in the late population. In addition, long exposure to 25ЊC after pupation caused a large proportion of the late population to emerge without diapause, which is a novel result for the blueberry maggot.
Environmental conditions during the early period of diapause often have profound effects on the successful induction and full intensiÞcation of diapause. Even after diapause is terminated, postdiapause development may still be modulated by diapause intensity (Tauber et al. 1986 ). We sought to investigate the effect temperature during diapause might have on the development of the early and late populations. Because the late population may have originated from a population with an early ßight period (Teixeira and Polavarapu 2001a) , we expected that differences in postdiapause development could be reduced by exposing both the early and late pupae to temperature conditions similar to those prevalent during the initial stages of diapause of the early population. Contrary to our expectations, the exposure to high temperature led to longer postdiapause development in the late population. Reasons for this Þnding may include, in the case of the late population cohort exposed to 25ЊC, the emergence of faster developing individuals of the population before cold exposure, and in the other samples, increased mortality of faster developing pupae during exposure to 5ЊC. In both populations, longer periods of exposure also led to slower postdiapause development. These data suggest that the temperature to which blueberry maggot pupae are exposed after pupation may only have a limited inßuence on postdiapause development.
When diapause development is completed in the Þeld, pupae may remain in a state of quiescence if environmental conditions are not favorable for the resumption of morphogenetic development. The duration of the cold exposure imposed on both populations (6 mo at 5ЊC) was chosen to ensure that most pupae would have completed diapause when moved to 20ЊC, irrespective of the period of time previously spent at high temperature after pupation. The temperature chosen for diapause development is close to the threshold for postdiapause development of the Fig. 4 . Time to emergence, and development rate of R. mendax pupae of the late population brought from a screenhouse into incubators at constant temperature on one June 1999 (squares and diamonds, respectively). The number of adults emerged was 177, 289, 393, 115, at 15, 20, 25 , and 30ЊC, respectively. Lines represent linear and polynomial models Þt to development rates. early population; therefore, little postdiapause development could have accumulated (Teixeira and Polavarapu 2001b) . The difference in average time to emergence at 20ЊC of early and late populations was Ϸ45 d. Because the development of early and late populations was synchronized at the end of diapause by the long cold exposure, differences in time to emergence likely resulted from distinct postdiapause development rates.
In addition to differences in postdiapause development rates between populations at constant temperature, we recorded a slowdown in the postdiapause development of the late population kept in a screenhouse. In the early population, once diapause is terminated, emergence can be accurately modeled from outdoor temperature accumulation using a linear model Þt to development rates obtained at constant temperatures, with an average difference of 4 d between predicted and observed median emergence dates. In the early population, the rate of development remains constant until emergence (Teixeira and Polavarapu 2001b) . This constancy in the postdiapause rates of the early population is not evident in the development of the late population. Postdiapause development of pupae of the late population proceeded in a generally temperature-dependent manner, similar to that of the early population, from January to July. From 1 July to 1 August, the rate of development of the late population declined strikingly. From August to emergence in September, development seemed to have resumed at the same rate as that before the slowdown. Furthermore, emergence models based on development rates at constant temperatures predicted median emergence 21 to 34 d earlier than observed emergence. This poor performance of the emergence models is primarily a consequence of variation in the rates of postdiapause development in the late population. The slowdown in the postdiapause development, and the lower rate of postdiapause development appear to be the primary factors regulating the emergence schedule of the late population.
The analysis of outdoor development of the late population suggested that aestivation in response to high temperature might be involved in the slowdown (Masaki 1980) . Summer development of the late population takes place under higher average daily temperature than even the later stages of development of the early population. Frequent short exposure to deleterious high temperatures may inhibit pupal development. It is thus possible that the slowdown is not characteristic of the late population, but may be expressed in either population under certain environmental conditions. To our knowledge, there are no data on the presence of a similar developmental delay in other Rhagoletis with late emergence periods. We are currently investigating the effect of short periods of exposure to high temperatures on pupal development in both populations.
This study further characterizes differences in the phenology of blueberry maggot populations occurring in New Jersey. Our data suggest that differences in emergence schedules between early and late populations likely result from differences in postdiapause development rates, and from a slowdown in the development of the late population during midsummer. Also, data further indicate that in the late population diapause may be facultative. Feder et al. (1997) and Filchak et al. (2000) have shown the importance of genetically based variability of phenological traits, like the propensity to enter diapause after pupation and postdiapause development rates, on the evolution of host races in the apple maggot. Data presented in this study suggest the same traits may vary in the blueberry maggot. Further research is required to determine if phenological traits in the blueberry maggot have a genetic basis susceptible to selection.
